The widely applied model for groundwater dating using 14 C proposed by Fontes and Garnier (F&G) (Fontes and Garnier, 1979) estimates the initial 14 C content in waters from carbonate-rock aquifers affected by isotopic exchange. Usually, the model of F&G is applied in one of two ways: (1) using a single 13 C fractionation factor of gaseous CO 2 with respect to a solid carbonate mineral, ε g/s , regardless of whether the carbon isotopic exchange is controlled by soil CO 2 in the unsaturated zone, or by solid carbonate mineral in the saturated zone; or (2) using different fractionation factors if the exchange process is dominated by soil CO 2 gas as opposed to solid carbonate mineral (typically calcite). An analysis of the F&G model shows an inadequate conceptualization, resulting in underestimation of the initial 14 C values ( 14 C 0 ) for groundwater systems that have undergone isotopic exchange. The degree to which the 14 C 0 is underestimated increases with the extent of isotopic exchange. Examples show that in extreme cases, the error in calculated adjusted initial 14 C values can be more than 20% modern carbon (pmc). A model is derived that revises the mass balance method of F&G by using a modified model conceptualization. The derivation yields a "global" model both for carbon isotopic exchange dominated by gaseous CO 2 in the unsaturated zone, and for carbon isotopic exchange dominated by solid carbonate mineral in the saturated zone. However, the revised model requires different parameters for exchange dominated by gaseous CO 2 as opposed to exchange dominated by solid carbonate minerals. The revised model for exchange dominated by gaseous CO 2 is shown to be identical to the model of Mook (Mook, 1976) . For groundwater systems where exchange occurs both in the unsaturated zone and saturated zone, the revised model can still be used; however, 14 C 0 will be slightly underestimated. Finally, in carbonate systems undergoing complex geochemical reactions, such as oxidation of organic carbon, radiocarbon ages are best estimated by inverse geochemical modeling techniques.
The widely applied model for groundwater dating using 14 C proposed by Fontes and Garnier (F&G) (Fontes and Garnier, 1979) estimates the initial 14 C content in waters from carbonate-rock aquifers affected by isotopic exchange. Usually, the model of F&G is applied in one of two ways: (1) using a single 13 C fractionation factor of gaseous CO 2 with respect to a solid carbonate mineral, ε g/s , regardless of whether the carbon isotopic exchange is controlled by soil CO 2 in the unsaturated zone, or by solid carbonate mineral in the saturated zone; or (2) using different fractionation factors if the exchange process is dominated by soil CO 2 gas as opposed to solid carbonate mineral (typically calcite). An analysis of the F&G model shows an inadequate conceptualization, resulting in underestimation of the initial 14 C values ( 14 C 0 ) for groundwater systems that have undergone isotopic exchange. The degree to which the 14 C 0 is underestimated increases with the extent of isotopic exchange. Examples show that in extreme cases, the error in calculated adjusted initial 14 C values can be more than 20% modern carbon (pmc). A model is derived that revises the mass balance method of F&G by using a modified model conceptualization. The derivation yields a "global" model both for carbon isotopic exchange dominated by gaseous CO 2 in the unsaturated zone, and for carbon isotopic exchange dominated by solid carbonate mineral in the saturated zone. However, the revised model requires different parameters for exchange dominated by gaseous CO 2 as opposed to exchange dominated by solid carbonate minerals. The revised model for exchange dominated by gaseous CO 2 is shown to be identical to the model of Mook (Mook, 1976) . For groundwater systems where exchange occurs both in the unsaturated zone and saturated zone, the revised model can still be used; however,
Introduction

14
C is commonly used for dating of dissolved inorganic carbon (DIC) in groundwater recharged on approximately 1-30 ka BP time scale. Over the past approximately 50 years, numerous adjustment models were proposed in efforts to account for isotope dilution and isotope exchange processes occurring in relatively simple carbonate groundwater systems (see summaries in Fontes and Garnier, 1979; Kalin, 1999; Plummer and Glynn, 2013) . More complete geochemical interpretation was developed to account for complex geochemical reaction systems (Wigley et al., 1978; Plummer et al., 1994; Han et al., 2012) . These studies have shown that even if the 14 C concentration of soil CO 2 is assumed to be constant, the initial 14 C content ( 14 C 0 ) of the DIC recharged to aquifers must be adjusted to account for the accompanying geochemical reactions in radiocarbon dating.
Dissolution of carbonate minerals is one of the more important processes affecting the 14 C content of DIC in groundwater. During dissolution, the dissolved carbon, principally bicarbonate (HCO 3 − ), is derived from a mixture of soil CO 2 and carbon of inorganic origin: 
where Me is generally Ca or Mg. The subscripts g, s and aq represent gaseous, solid and dissolved states, respectively. If the amount of CO 2(g) taking part in the reactions is finite, Reaction (1) is considered here to be irreversible and causes 'dilution' of the 14 C content derived from soil CO 2 .
In addition to dilution of the 14 C content in soil CO 2 caused by dissolution of carbonate minerals (Reaction (1)), isotopic exchange may take place between the different carbon-bearing species (gas, water, and mineral), due to reversibility of the reactions, further affecting the 14 C content of the DIC:
There are two extreme situations involving isotopic exchange: a) Isotopic exchange between gaseous CO 2 and dissolved HCO 3 − takes place predominantly, e.g. under open-system conditions when DIC is under-saturated with respect to calcite:
Under these conditions the isotopic composition of the DIC depends only on processes 1, 2, 3 and 4 of Reaction (3), and the carbon isotopic composition of CO 2(g) remains unchanged. Hence, the exchange is 'controlled by gaseous soil CO 2 ' (thick arrows). b) Isotopic exchange between HCO 3 − and solid carbonate phase(s) in the aquifer below the water table takes place under closed-system conditions (e.g. carbon isotopic exchange occurs in a system where calcite continuously dissolves and re-precipitates Smith et al., 1975; Downing et al., 1979; Gonfiantini and Zuppi, 2003) :
Due to proton transfer reactions (process 4 of Reaction (4)), bicarbonate and carbonate ions react reversibly, causing 14 C exchange between HCO 3(aq) − and MeCO 3(s) . Under closed-system conditions the isotopic composition of DIC depends only on processes 2, 3, 4 and 5 of Reaction (4). Because the mass of solid carbonate available is so much larger than the mass of DIC, the change in the isotopic composition of the minerals may not be evident. Hence, the exchange is 'controlled by solid carbonate mineral' (thick arrows).
In this paper the term 'isotopic exchange' refers to the processes represented by Reactions (2), (3) and (4), in contrast to the process of 'isotopic dilution', as represented by Reaction (1).
Some of the better-known models for estimation of the initial 14 C content of DIC, 14 C 0 , in carbonate groundwater systems rely on mass balances of either major carbon species or 13 C in DIC in groundwater (Ingerson and Pearson, 1964; Tamers, 1967; Pearson and Hanshaw, 1970; Tamers and Scharpenseel, 1970; Gonfiantini, 1972; Mook, 1972; Tamers, 1975; Mook, 1976; Wigley, 1976; Evans et al., 1979; Fontes and Garnier, 1979; Salem et al., 1980; Eichinger, 1983; Fontes, 1983 Fontes, , 1992 Geyh, 2000; Gonfiantini and Zuppi, 2003) . Of these models, some account for not only modification of 14 C 0 by simple dissolution of carbonate minerals by dissolved soil CO 2 (Reaction (1)), but also by carbon isotopic exchange between different carbon-bearing species (Reactions (3) and (4)).
This paper focuses on the model of Fontes & Garnier (Fontes and Garnier, 1979; Fontes, 1983 Fontes, , 1992 , referred to here as F&G, which is one of the most widely applied adjustment models in radiocarbon dating of DIC in groundwater systems. Unfortunately, as shown here, the F&G model is based on an inadequate assumption of exchange end members and, therefore, improper mass-balance relations in derivation.
Use of the F&G model as originally published can lead to underestimation of the groundwater age that increases with extent of the isotopic exchange.
In the following, we first report our detailed analysis of F&G, and then derive a revised model using an approach similar to that of F&G that includes consideration of the effects of gas and mineral exchange on the aqueous carbon species.
Models for calculation of 14 C 0
In this section the important models for estimation of 14 C 0 are discussed, with Mook's and F&G's models discussed in detail. The parameters used in this paper are described in Table 1 .
Mook's model
Mook (1972, 1976) proposed a model, which, in addition to carbonate dissolution caused by dissolved soil CO 2 in water (Reaction (1)), accounts for carbon isotopic exchange between DIC and gaseous CO 2 in the unsaturated zone (Reaction (3)). The equation for calculation of the initial 14 C content is 
Mook's model consists of two parts. The first part is Tamers' model (Tamers, 1967; Tamers and Scharpenseel, 1970; Tamers, 1975) :
Tamers'model is a pure closed-system model. It accounts only for Reaction (1) under closed-system conditions. In most cases C a ≪ C b (C b ≈ C T ), and 14 C 0 ≈ 0.5( 14 C g + 14 C s ). The second part of Mook's model considers the process of isotopic exchange between DIC and gaseous CO 2 during infiltration in the unsaturated zone (Reaction (3)). Mook's model applies to a system that is only partly open, i.e. the DIC in the water during infiltration has been exposed to the soil air for a limited time. Further influences of isotopic exchange processes after the system becomes closed, however, are not considered by Mook's model. Because isotopic exchange does not change chemical mass balance significantly, the ratios C a /C T and C b /C T are determined by Reaction (1). Eq. (10) 
F&G's model
The model proposed by Fontes and Garnier (1979) is represented as the following equation:
In the first papers (Fontes et al., 1978; Fontes and Garnier, 1979) it was initially proposed to use this single-enrichment factor model to account for not only the process of isotopic exchange between DIC and gaseous CO 2 in systems open to soil CO 2 , but also the exchange between DIC and solid carbonate mineral in systems closed to soil CO 2 .
Similar to Mook's model, Eq. (12) also consists of two terms. The first term is Tamers' model. The second term is a corrective term that accounts for the exchange process. Eq. (12) reduces to Eq. (11) C 0 has to be calculated by using different models.
14 C g , δ 13 C g Carbon isotopic composition of gaseous soil CO 2 (Point A in Fig. 1 C a0 ≈ 100 pmc; a The equations for calculation of ε g/s , ε g/b , and ε s/b are from Thode et al. (1965) , Rubinson and Clayton (1969) , Emrich et al. (1970) , Vogel et al. (1970) , Mook et al. (1974) , Mook (2000 Mook ( , 2006 . ε i/j (≡δ i − δ j at isotopic equilibrium) is the so-called "additive fractionation factor" commonly used in radiocarbon adjustment models. ε i/j is related approximately to the equilibrium isotope fractionation factor, α i/j , by the relation ε i/j~1 0 3 ln(α i/j − 1). b For other methods see Section 4. Later, Fontes (1983) proposed to use different enrichment factors for exchange systems dominated by gaseous CO 2 and by solid carbonate mineral, respectively. In the modified version of Eq. (12) a two-step process is used: a preliminary calculation must be made to determine the sign of the corrective term. If this term is positive (exchange dominated by soil CO 2 ) a new calculation is made, in which ε g/s is substituted by ε g/b ; if the corrective term is negative (exchange dominated by solid carbonate), 14 C 0 is calculated using ε s/b .
Pearson's model
Another widely applied model for groundwater dating using 14 C is Pearson's model (Ingerson and Pearson, 1964) :
Pearson's model accounts for a simple binary mixing process under closed-system conditions. Of the two mixing end members, one is the initial 14 C-bearing DIC resulting from dissolution of soil Recharging water can saturate the soil and trap pockets of soil gas, dissolving them completely under increased hydrostatic pressure, as the water level rises. This is the conceptual model used to explain the fact that groundwater noble gas contents commonly correspond to partial pressures higher than those of the atmosphere. For this reason, in reality, it is possible that in the absence of carbonate mineral(s) the isotopic composition of the DIC is between gaseous soil CO 2 (point A in Fig. 1 ) and dissolved CO 2 in water (point A 1 in Fig. 1) . In this paper, we assume that there is no excess air in the system.
Other models
Wigley (1976), Evans et al. (1979) and Eichinger (1983) have developed similar models to account for isotopic exchange between DIC and solid carbonate under closed-system conditions that may affect (Fig. 1, line O-B) , with negligible differences in slopes and intercepts. 
C 0 ≈ 0 pmc, the line representing F&G's model intersects at δ 13 C ≈ −5‰ with the abscissa, a more negative value compared with that calculated from other models. Replacing ε g/s by ε g/b (as proposed by F&G for gaseous CO 2 controlled exchange) has an insignificant effect because ε g/s has a similar value as ε g/b (see Table 1 ).
The straight line representing F&G's model in Fig. 1 3.2. The mass-balance in F&G's model Fig. 2 shows the illustrations of isotopic exchange between gaseous CO 2 and solid carbonates used by F&G for the derivation of their model. Table 2 is a summary of substances used by F&G for their model in the mass balance calculations. It can be seen that the quantities, q and q′, in Fig. 2 , which are used for mass balance calculations in the derivation of F&G's model, do not exist as DIC in Table 2 .
For the substances C 1 , C 2 and C 3 in Table 2 , the isotope mass balance equations are
and C of the three carbon-bearing species C 1 , C 2 and C 3 . 14 C 0 is not related to CO 2(aq) and HCO 3 − . In Table 2 there are no indications about the quantities of CO 2(aq) and HCO 3 − in the system. Thus, the mistake of the model is that it is based on inadequate mass-balance equations. For the substances C 4 , C 5 and C 6 in Table 2 , using the same method, derivations of the model yield the same Eq. (12).
Re-derivation of the model
In the following we will re-derive the model using a similar mass balance method that F&G have used for derivation of their Eq. (12). However, we re-derive the model under different assumptions. We constructed Figs. 3 and 4 for derivation of our model. The differences of our assumptions to that of F&G's are (1) instead of using gaseous CO 2 and solid carbonates as two end members, we assume that three end members coexist in the system including gaseous CO 2 , DIC and solid carbonate; (2) that there is no direct isotopic exchange between gaseous CO 2 and solid minerals. Instead, soil CO 2 exchanges isotopes with solid minerals via DIC. In Fig. 3 the illustration shows the system open to soil CO 2 and in Fig. 4 the illustration shows the system closed to soil CO 2 . The larger circles indicate that the substances in the circles dominate the exchange process. The substances in the dashed-line circles are not included in the mass balance calculations because the solid carbonate does not contribute to DIC. The mass balances of the carbon-bearing species are summarized in Table 3. Compared to  Table 2, Table 3 contains only dissolved carbon-bearing species.
For the dissolved carbon-bearing species in Table 3 , C 1 , C 2 and C 3 , the isotope mass balance relations under open-system conditions are:
Combining Eqs. (16) and (17) gives (18) 
which is Mook's model (Eq. (10)).
For the dissolved carbon-bearing species C 4 , C 5 and C 6 in Table 3 , the isotope mass balance relations under closed-system conditions are:
Combining (19) and (20) gives In situations where the exchange occurs predominantly between soil CO 2 and HCO 3 − , the subscript x is replaced by g. In situations where the exchange occurs predominantly between HCO 3 − and solid carbonate minerals, the subscript x is replaced by s.
A plot of 14 C 0 vs. δ 13 C using Eq. (21), assuming that 14 C s = 0, δ 13 C s = 0, 14 C g = 100 pmc and δ 13 C g = − 25‰, yields a straight line (Fig. 1, line O-B) . As can be seen in Fig. 1 , the revised model corrects 14 C 0 starting from point O toward point B. Point B represents pure HCO 3 − equilibrated with solid carbonates (= C 6 in Table 3 ). Tables 4 and 5 show some practical examples of the use of the new model. Table 4 contains measured or assumed data taken from Fontes and Garnier (1979) and Fontes et al. (1978) . To calculate C a (=CO 2(aq) or H 2 CO 3 ), the following equation is applied: (Harned and Davis, 1943) :
In the calculations the substance concentrations are in moles per kilogram of water (mol/kg). The calculated results show very little differences to those calculated by Fontes and Garnier (1979) using activities (e.g. C a /C T , Table 5 ). Table 5 contains the calculated results based on the data in Table 4 . Initial 14 C values calculated by different equations are plotted vs. measured δ 13 C data in Fig. 5 .
Discussion
The processes of isotopic exchange between HCO 3 − in water and carbon atoms in an unlimited reservoir can be illustrated in Fig. 6 . These processes can be represented by the second term of Eq. (22) (The first term is Tamers' model). As can be seen from Fig. 6 and Eq. (22), in order to switch from systems evolved under open conditions to systems evolved under closed conditions, it is incorrect to replace only one fractionation factor (as is done in the F&G model). All parameters have to be replaced (i.e. replace 14 C g , δ
13
C g , and ε g/b , by 14 C s , δ 13 C s , and ε s/b ). On the other hand, in order to switch from systems evolved under closed conditions to systems under open conditions, replacing ε g/s by ε g/b only, without changing other parameters (though fundamentally incorrect), will result in only a very small numerical difference, because the values of ε g/s and ε g/b are numerically similar (ε g/s = −9.85‰ and ε g/b = −9.60‰ at 10°C, see Table 1 ).
As shown in Fig. 1 , the model of F&G would in general under estimate C s ) (drawn close to line X in Fig. 1 , cf. Eq. (6)), Eq. (22) reduces to Tamers' model (Eq. (11)) (Reaction (1)). As can be seen from Table 4 and Fig. 6 , in order to use Eq. (22) in a correct way, the subscript x has to be replaced either by g or by s according to the situation. In situations where the exchange occurs predominantly between soil CO 2 and HCO 3 − (Reaction (3)), i.e. if δ
C is more negative than 0.5(δ 13 C g + δ
C s ) (drawn left to line X in Fig. 1 ), the subscript x in Eq. (22) is replaced by g. In situations where the exchange occurs predominantly between HCO 3 − and solid carbonate minerals (Reaction (4)),
i.e. if δ 13 C is less negative than 0.5(δ 13 C g + δ
C s ) (drawn right to line X in Fig. 1 ), the subscript x is replaced by s. In natural systems, however, a single exchange process seldom occurs, i.e., there is often a combination of processes occurring under different conditions (Reaction (2)). For example, isotopic exchange under open-system conditions may be followed by exchange under closed-system conditions. In such 'mixed exchange' cases the δ
C value of a sample is the net effect of the processes. Fig. 7 illustrates two different cases. In the first case, it is assumed that the exchange process occurring under open-system conditions is predominant, as indicated by the long full-line arrow toward point A (starting from point O, the Tamers' point). This process is followed by an exchange process occurring under closed-system conditions, as indicated by the short full-line arrow toward point B. The short full-line arrowhead shows the isotopic composition at the end of the second process, i.e. the δ 13 C of the sample. It looks as if there was only one single process that has occurred under open-system conditions (the shifting of δ 13 C from O point toward a more negative value). In the second case, the short dashed and long dashed arrows represent two exchange processes that have occurred under different conditions (with the short arrow starting from point O). In the second case, the exchange under closed-system conditions is predominant, compared with opensystem exchange. It looks as if there was only one single process that has occurred under closed-system conditions. In the above two cases Eq. (22) Fontes and Garnier (1979) and Fontes et al. (1978) . C s ) and 0.5 14 C g , respectively (see Fig. 1 ). Finally, it should be emphasized that, the aim of this paper is to point out the conceptual problems with the model of F&G. Although the revised model (Eq. (22)) can be used in situations where carbon isotopic exchange may change 14 C 0 , it is still a simplified model. It can only be applied to waters with chemistry controlled entirely by reactions among carbonates (Reactions (2), (3) and (4)). For highly evolved waters, it is suggested to use extended geochemical mass-balance models (Plummer, 1977; Wigley et al., 1978 Wigley et al., , 1979 Plummer et al., 1983 Plummer et al., , 1994 Parkhurst and Charlton, 2008; Coetsiers and Walraevens, 2009; Blaser et al., 2010; El-Kadi et al., 2010; Plummer and Glynn, 2013) to calculate 14 C 0 . The graphical method (Han et al., 2012) can also provide some useful information about the complexity of the system.
Conclusions
The analysis shows that the model proposed by Fontes and Garnier for determination of the initial 14 C content for groundwater dating using 14 C is inadequate to describe the isotopic exchange processes occurring under open-and/or closed-system conditions. The model of F&G would in general underestimate 14 C ages for groundwater systems that have undergone isotopic exchange between the dissolved inorganic carbon species and gaseous CO 2 and/or carbonate minerals under open-or closed-system conditions. The magnitude of the error in calculated 14 C 0 values depends on the extent of isotopic exchange affecting the water sample. The greater the extent of isotopic exchange the greater will be the error. In extreme cases, the difference between 14 C 0 values calculated by different models can be more than 20 pmc and that would cause significant errors in age determination for old groundwaters. The choice of model will have significant hydrologic consequences for evolved waters because the revised model (Eq. (22)) will lead to older adjusted radiocarbon ages than those obtained from F&G, resulting in, for example, greater estimates of travel times and lower estimates of recharge rates in groundwater systems.
Derivation of the revised model based on mass-balance methods similar to that of F&G yields a single-equation model for carbon isotopic evolution in groundwater systems open and closed to soil CO 2 . The revised model for systems open to soil CO 2 reduces to the model of Mook. By using a different set of parameters, the revised model can also account for isotopic exchange that occurs under closed-system conditions. For a water system in which the exchange occurs not only in the unsaturated zone, but also in the saturated zone the revised model can still be used based on the observed δ 13 C values. However, in such cases of mixed processes, the 14 C 0 will tend to be underestimated. It should be emphasized that the revised model is still a simplified one. It can only be applied to waters with chemistry controlled entirely by reactions among carbonates. The uncertainty of the model depends on the uncertainties in model parameters including soil-air δ 13 C, carbonate mineral δ 13 C etc., and the extent to which isotope exchange affects the isotopic composition of the DIC. Therefore, for highly evolved waters, it is suggested to use extended geochemical mass-balance models. The graphical method can also provide some useful information about the complexity of the system. 
